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1.  Introduction 


The  need  for  lighter  combat  vehicles  has  driven  the  armor  technology  community  to  develop 
advanced  ceramic  materials  for  annor  applications.  Ceramics  generally  have  lower  densities 
than  metals;  however,  ceramics  are  brittle  materials  that  cannot  sustain  plastic  strains  and  large 
collateral-damage  results  upon  ballistic  impact  (7).  Improving  the  brittle  nature  of  ceramics  is 
one  of  the  key  issues  to  overcome.  Some  have  suggested  a  gradient  material  approach,  or 
combining  a  material  with  high  hardness  and  another  with  high  ductility  (2).  With  this 
suggestion  in  mind,  a  promising  two-phase  ceramic  composite  of  titanium  diboride  (TiB2)  and 
aluminum  nitride  (AIN)  was  chosen  to  be  evaluated. 

TiB2  has  been  reported  (3)  to  have  high  strength,  high  melting  point,  high  hardness,  and  a 
density  of  4.50  g/cnr .  Due  to  its  properties,  TiB2  has  been  used  in  structural  and  wear 
applications,  including  armor,  cutting  tools,  and  wear-resistant  coatings.  TiB2  belongs  in  the 
hexagonal  space  group  P6/mm.  The  lattice  constants  typically  range  from  a  =  3.0292  A  and  c  = 
3.2196  A  (c/a  =  1.063)  ( 4 )  to  a  =  3.070  A  and  c  =  3.262  A  (c/a  =  1.063)  (5),  and  the  anisotropic 
coefficient  of  thermal  expansion  (CTE)  at  room  temperature  for  the  a  axis  ranges  from  aa  =  5.9  x 
10'6  K'1  ( 6)  to  6.4  x  10'6  K'1  (3),  and  for  the  c  axis,  ac  =  8.5  x  10'6  K'1  ( 6)  to  9.2  x  10'6  K'1  (3). 

AIN  belongs  in  a  hexagonal  space  group,  P63mc,  with  lattice  constants  of  a  =  3. 1 1 14  A  and 
c  =  4.9792  A  (7).  AIN,  which  has  a  density  of  3.26  g/cm3,  is  known  for  high  thermal 
conductivity  and  electrical  resistivity,  and  has  unique  mechanical  properties  as  well.  It  was 
discovered  to  undergo  a  brittle  to  ductile  transition  at  the  confining  pressure  of  0.55  GPa  (3,  9). 
AIN  also  has  anisotropic  CTE  values.  At  room  temperature  for  the  a  axis,  the  CTE  is  aa  =  5.3  x 
10'6  K'1  and  for  the  c  axis,  ac  =  4.2  x  10'6  K'1  (10).  It  is  worth  noting  that  unlike  TiB2,  AIN 
contracts  more  along  the  a  axis  than  the  c  axis. 

Other  researchers  have  studied  the  processing,  mechanical  properties,  and  microstructural 
features  of  composites  consisting  of  TiB2  and  AIN  phases.  These  studies  include  composite 
synthesis  by  reactive  sintering  (11),  microwave  sintering  (12),  pressureless  sintering  (13),  and 
hot  pressing  TiB2  and  using  AIN  as  a  sintering  aid  (14).  The  composite  microstructure  as  well  as 
mechanical  properties  such  as  hardness,  flexural  strength,  fracture  toughness,  and  Young’s 
modulus  have  been  investigated  (11-16).  In  addition,  Zdaniewski  has  identified  structural 
defects  and  studied  the  fracture  mechanisms  (15, 16). 
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2.  Experimental 


One  TiB2  powder  was  used  for  this  study.  The  TiB2  powder  (Stark  D)  was  obtained  from  Stark. 
The  TiB2  particles  were  equiaxed  and  ranged  from  3.0  to  6.0  pm  in  diameter.  The  equiaxed  AIN 
powder  (Atofina  Pyrofine  A)  with  particle  size  ranging  from  0.5  to  0.80  pm  was  supplied  by 
Atoll na.  Other  AIN  powders  were  also  utilized  to  detennine  the  effects  of  different  particle 
morphologies  on  the  ceramic  composite  microstructure  and  performance.  The  other  powders 
were  from  Stark  and  included  the  Stark  C  AIN  powder  with  the  manufacturer’s  reported  particle 
size  range  of  0.8-1 .8  pm  and  the  Stark  AT  AIN  powder  with  particle  size  range  of  7.0-1 1 .0  pm. 
However,  upon  examination  under  the  field  emission  gun  scanning  electron  microscope  (SEM), 
the  Stark  C  AIN  powder  showed  some  elongated  particles  that  were  well  over  3.0  pm  in  length. 
The  Stark  AT  AIN  powder  also  had  several  particles  that  were  elongated  in  shape.  All  the 
powders  were  examined  in  the  SEM  and  by  x-ray  diffraction  (XRD). 

Sets  of  powders  making  up  30-vol%  TiB2  /  70-vol%  AIN  (from  now  on  referred  to  as  30-70 
TiB2-AlN),  50-vol%  TiB2  /  50-vol%  AIN  (50-50  TiB2-AlN),  and  70-vol%  TiB?  /  30-vol%  AIN 
(70-30  TiB2-AlN)  were  ball  milled  with  AEO3  balls  in  acetone  for  24  h.  The  mixed  powders 
were  then  hot  pressed  at  2073  K  (1800  °C)  under  34.5  MPa  of  pressure  for  3  h  in  argon.  The  70- 
30  TiB2-AlN  powders  were  hot  pressed  at  2173  K  (1900  °C)  under  20.68  MPa  of  pressure  in 
argon  for  3  h.  Smaller  samples  from  the  relative  middle  of  the  hot  pressed  disk  were  obtained  by 
cutting  the  4-  or  6-in-diameter  disks  with  the  Buehler  Isomet4000  saw.  The  smaller  samples 
were  mounted  with  the  Struers  Isofast  hot  mount  and  polished  on  the  Struers  Rotopol  3 1 
automatic  polisher.  The  following  polishing  steps  were  used  for  all  the  samples: 

1.  A  15-pm  diamond  solution  with  Struers  alcohol-based  DP  blue  lubricant,  35-N  force  at 
150  rpm. 

2.  A  9-pm  diamond  solution  with  Struers  DP  blue  lubricant,  35-N  force  at  150  rpm. 

3.  A  3 -pm  diamond  solution  with  Struers  DP  blue  lubricant,  35-N  force  at  150  rpm  on  a  resin¬ 
polishing  surface. 

4.  A  3-pm  diamond  solution  with  Struers  DP  blue  lubricant,  30-N  force  at  150  rpm  on  a  silk¬ 
polishing  surface. 

5.  A  1-pm  diamond  solution  with  Struers  DP  blue  lubricant,  25-N  force  at  150  rpm. 

6.  A  1/4-pm  diamond  solution  with  Struers  DP  blue  lubricant,  20-N  force  at  150  rpm. 

7.  Finish  on  the  vibramet  polisher  with  Struers  OP-U  0.04-pm  or  Extec  0.02-pm  colloidal 
silica  solution. 
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After  each  polishing  step,  the  samples  were  cleaned  with  ethanol,  and  after  the  final  polishing 
step,  the  samples  were  ultrasonically  cleaned  with  ethanol  then  DI  water.  The  cleaned,  polished 
samples  were  examined  by  SEM,  energy  dispersive  spectroscopy  (EDS),  and  electron 
backscattered  diffraction  (EBSD)  to  characterize  the  microstructure. 

The  30-70  TiBo-AlN  sample  hot  pressed  with  the  Atofina  AIN;  three  sets  of  50-50  TiB2-AlN 
samples  hot  pressed  with  the  Atofina,  Stark  AT,  and  the  Stark  C  AIN  powder;  the  30-70  TiB2- 
A1N  sample  hot  pressed  with  the  Atofina  AIN  powder,  100%  T1B2,  and  100%  AIN.  All  samples 
were  machined  into  ASTM  C  1161  (77)  “B”  bars  to  detennine  flexure  strength  by  four-point 
bend  tests.  Knoop  hardness  values  were  also  determined  for  these  samples,  using  2-Kg  loads. 
The  Knoop  hardness  values  were  measured  on  the  surfaces  perpendicular  to,  and  surfaces 
parallel  to  the  hot  pressing  direction  to  determine,  if  any,  effects  due  to  the  hot  pressing  direction 
on  the  mechanical  properties.  The  three  sets  of  50-50  TiB2-AlN  also  were  subjected  to  the 
ASTM  1421  (75)  single-edge  precracked  beam  method  to  detennine  the  fracture  toughness. 

Other  properties  were  determined  by  ultrasonic  velocity  measurements,  per  ASTM  E  494  (79). 
These  include  density,  elastic  modulus,  shear  modulus,  Young’s  modulus,  and  Poisson’s  Ratio. 

To  detennine  the  residual  stress  of  the  AIN,  a  50-50  TiB2-AlN  sample  hot  pressed  with  the 
Atofina  AIN  was  examined  by  Raman  spectroscopy.  TiB2  is  not  Raman  active,  but  AIN  is.  The 
Raman  signal  of  the  E2  (high)  phonon  frequency  was  used  to  compare  the  pure  AIN  to  the  AIN 
in  the  50-50  TiB2-AlN  composite.  The  Raman  stress  relation  for  bulk  AIN  has  been  detennined 
by  Kuball  et  al.  (20)  as  0.2  GPa/cm'1.  They  also  determined  the  unstressed  pure  AIN  has  E2 
phonon  frequency  of  656  cm'1.  A  Raman  shift  in  the  E2  phonon  position  for  the  composite’s 
spectra  will  indicate  a  compressive  or  tensile  stress.  Using  the  Raman  stress  factor,  the  quantity 
of  residual  stress  was  calculated.  To  validate  the  findings,  theoretical  calculations  of  the  residual 
stress  were  also  conducted. 

The  ballistic  perfonnances  of  these  ceramic  composites  were  detennined  by  depth-of-penetration 
(DOP)  tests.  The  DOP  tests  were  performed  on  4-in-diameter  tiles  of  all  50-50  TiB2-AlN 
compositions  hot  pressed  with  the  three  different  AIN  powders.  In  addition,  30-70  TiB2-AlN  hot 
pressed  with  Stark  C  AIN  powder  and  70-30  TiB2-AlN  hot  pressed  with  Stark  AT  AIN  powder 
were  evaluated. 


3.  Phase  Diagram  Determination 


In  addition  to  the  experimental  work,  phase-diagram  calculations  were  conducted  by 
Fabrichnaya  and  Seifert  (27).  The  Ti-Al-B-N  quaternary  system  was  calculated  to  better  predict 
the  possible  phases  fonned  at  relevant  temperatures  during  processing  and  sintering  steps.  The 
required  calculation  for  detennining  the  phase  diagrams  were  perfonned  by  the  Thenno-Calc 
software.  In  this  research,  the  liquid  phase  was  described  by  the  substitution  model,  excess 
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energy  described  by  Redlich-Kister-Muggianu  polynomial,  the  solid  phases  by  the  sublattice 
model  expressed  in  the  compound  energy,  and  the  gas  phase  was  assumed  to  be  ideal  solution. 
The  database  for  the  quaternary  Al-Ti-B-N  system  was  created  by  combining  the  Al-Ti-N 
description  with  the  Al-B,  Ti-B  and  B-N  binary  systems.  In  addition,  ternary  diagrams  of  Al-B- 
Ti,  Ti-Al-N,  Ti-B-N,  and  Al-B-N  were  created  at  a  variety  of  temperatures  as  a  prerequisite  for 
the  quaternary  system. 

The  two  quaternary  phase  diagrams  were  calculated  at  1572  K  with  constant  one  mole  %  Ti  and 
one  mole  %  B,  respectively. 


4.  Results 


4,1  Powder  Characterization 

The  TiBo  and  AIN  starting  powders  were  examined  by  XRD,  SEM,  and  EDS  to  detennine  the 
impurities  and  morphologies  of  the  powders.  The  XRD  patterns  (see  figure  1)  for  the  TiB2 
powder  used  for  all  the  samples  showed  not  only  TiBo  peaks,  but  also  TiN  peaks.  TiB2  powder 
can  be  produced  by  carbothermal  reduction  (22,  23)  of  TiCE  and  boron  compound  as  shown  in 
the  following  reaction  equations  (1)  and  (2): 


TiO 2  +  B2  Oj  5(7  — >  5 CO  +  TiB 2 


(1) 


2770,  +  B4C  +  3 C^>  2770  +  4C0  (2) 

or  a  solid-state  reaction  of  TiN  with  amorphous  boron  (24)  as  shown  in  reaction  equation  3.  The 
TiN  would  be  the  result  of  incomplete  reaction  of  TiN,  which  was  a  there  either  due  to  the 
reaction  of  titanium  and  nitrogen  during  carbothermal  reduction  in  presence  of  nitrogen  or  TiN 
being  used  as  a  starting  material. 

TiN  +  2 B^  TiB2  + 1/2  N2  (3) 

The  EDS  spectrum  also  indicated  the  presence  of  BN  (see  figure  2).  It  is  hypothesized  that  the 
amorphous  boron  that  again  was  either  there  as  a  primary  reactant  or  a  partial  step  during 
carbothermal  reduction  in  presence  of  nitrogen,  reacted  with  the  nitrogen  to  form  BN.  In  the 
results  section,  phase-diagram  calculations  show  that  TiN  and  BN  can  be  by-products  of  the  Ti- 
B-Al-N  system.  The  XRD  patterns  for  the  AIN  powders  were  all  comparable,  showing  only  AIN 
peaks  (figure  3).  However,  EDS  analysis  showed  some  oxygen,  which  could  be  surface 
contamination,  and  sulfur  impurities. 
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Figure  1.  XRJD  spectrum  of  TiB2  powder. 
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Figure  3.  XRD  spectra  of  all  three  AIN  powders.  Spectra  from  top  to  bottom: 
Atofina  AIN,  Stark  AT,  and  AIN  Stark  C. 


4.2  Composite  Characterization 

The  densities  of  the  hot  pressed  disks  were  determined  by  the  Archimedes  method.  All  samples 
were  densified  to  over  98%  theoretical  density.  The  densities  are  tabulated  in  table  1. 

Table  1.  Densities  of  the  TiB2-AlN  composites. 


Vol%  TiB2  -  Vol%  AIN  (AIN  type) 

Density 

(g/cm3) 

Theoretical  Density 
(%) 

30-70  (Atofina) 

3.61 

99.18 

30-70  (Stark  C) 

3.57 

98.08 

50-50  (Atofina) 

3.84 

98.71 

50-50  (Stark  C) 

3.84 

98.71 

50-50  (Stark  AT) 

3.86 

99.23 

70-30  (Atofina) 

4.06 

98.07 

70-30  (Stark  AT) 

4.08 

98.55 

The  microstructures  of  the  hot  pressed  composites  were  examined  by  SEM.  SEM  images  of 
30-70  TiEC-AlN,  50-50  TiB2-AlN,  and  70-30  TiB2-AlN  (all  samples  with  the  Atofina  AIN)  are 
shown  in  figure  4.  The  images  of  the  microstructures  show  some  of  the  TiB2  grains  are 
elongated,  and  have  faceted  interfaces.  The  grain  pull-outs  are  due  to  the  polishing,  which  does 
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Figure  4.  SEM  images  of  (a)  30-70  TiB2-AlN,  (b)  50-50  TiB2-AlN,  and  (c)  70-30  TiB2-AlN. 

not  indicate  high  porosity.  EDS  analysis  of  the  grains  indicate  that  the  darkest  areas  are  made  up 
of  primarily  Al,  with  Si,  O,  N,  and  C.  The  Si  and  C  are  due  to  contamination  possibly  acquired 
during  the  processing  steps.  The  medium  gray  grains  were  detennined  to  be  TiB2,  the  light  gray 
grains  were  determined  to  be  AIN,  and  the  lightest  colored  grains  appear  to  be  AFO3.  The 
existence  of  AFO3  is  believed  to  be  from  the  AFO3  milling  balls  used  in  the  ball  milling  step. 

In  addition  to  characterization  of  the  microstructure  by  SEM,  EDS  and  EBSD  scans  were 
conducted  on  50-50  TiB2-AlN  (with  the  Atofina  AIN)  by  Dr.  Bassem  El-Dasher  of  Lawrence 
Livermore  National  Laboratory.  Due  to  the  charging  effects  caused  by  the  AIN  grains,  during 
the  initial  phase  identification,  the  phases  of  3%  of  the  grains  were  inaccurately  identified. 
However  by  applying  the  EDS  scan  map’s  phase  identification  of  the  same  sample  area,  the 
incorrectly  identified  phases  and  indexes  were  manually  corrected  in  the  EBSD  dataset.  Figure  5 
shows  the  initial  phase  identification,  EDS  phase  identification,  and  the  corrected  EBSD  inverse 
pole  figure  map.  The  different  colors  indicate  the  different  surface  normal  orientations  based  on 
the  standard  stereographic  triangle  color  key.  From  looking  at  the  phase  maps,  it  is  clear  that 
some  agglomeration  or  clustering  of  grains  of  similar  phases  exists  for  both  TiB2  and  AIN. 


7 


Figure  5.  (a)  Phase  ID  map  of  50-50  TiB2-AlN  (with  the  Atofina  AIN)  before  EDS  aided  correction.  Arrows 
point  to  grains  with  erroneously  identified  phases.  White  areas  are  pores  or  voids  where  grains  were 
pulled  out  during  the  polishing  step.  Green  grains  are  TiB2  and  red  grains  are  AIN.  (b)  Corrected 
phase  map  where  green  grains  are  TiB2  and  blue  grains  are  AIN.  (c)  EBSD  inverse  pole  figure  map  of 
the  same  area.  The  standard  stereographic  triangle  key  indicates  the  orientation  corresponding  to  the 
grain  color. 
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Over  97%  of  the  number  fractions  of  grain  boundaries  within  each  phase  and  also  between 
phases  were  determined  to  be  high-angle  grain  boundaries  with  misorientations  greater  than  15°. 
Less  than  3%  of  the  number  fractions  of  grain  boundaries  for  each  phase  and  for  interphase 
boundaries  were  low  angle  grain  boundaries  (0°  to  15°  misorientation). 

It  is  worth  noting  that,  in  the  composite,  the  TiEL  did  not  appear  to  show  any  texturing,  but  pure 
TiEL  shows  some  texturing  based  on  the  hot-pressing  direction  (see  figure  6).  EBSD  scans  on 
pure  AIN  showed  random  orientation  distribution,  as  with  the  AIN  phase  in  the  composite  (see 
figure  7).  The  number  fraction  of  misorientation  angles  can  show  the  amount  of  texturing,  or 
deviation  from  a  random  misorientation  distribution.  Figure  8  shows  the  comparison  of  the 
number  fraction  the  TiEL  misorientation  angles  of  the  two  surfaces  as  well  as  those  of  AIN 
misorientation  angles  compared  to  the  random  case.  The  AIN  follows  the  random  distribution 
except  at  the  misorientation  angles  30°,  64°,  and  90°.  These  are  most  likely  low-energy 
boundaries,  and  were  more  frequently  observed  than  random.  The  misorientations  in  axis-angle 
notations  were  30°  about  (10-10),  64°  about  (10-10),  90°  about  (10-10),  and  90°  about  (-12-10). 


Figure  6.  (a)  Inverse  pole  figure  map  to  the  surface  parallel  to  hot-pressing  direction  and  (b)  surface 
perpendicular  to  the  hot-pressing  direction. 
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Figure  7.  Inverse  pole  figure  map  of  AIN. 


Figure  8.  Number  fraction  of  misorientation  angles  (a)  for  TiB2  surfaces  perpendicular  to  the  hot-pressing 

direction  and  TB2  surfaces  parallel  to  the  hot-pressing  direction  compared  to  a  random,  nontextured 
case,  and  (b)  for  AIN  surfaces  compared  to  random. 
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4.3  Mechanical  Property  Characterization 


The  flexural  strength  and  Weibull  modulus  detennined  from  the  bend  bars  are  tabulated  in  table 
2.  Thirty  “B”-type  bend  bars  were  tested  by  four-point  bend  test  per  composition.  Examples  of 
the  fracture  surfaces  are  shown  in  figure  9.  In  some  cases  the  flaw,  such  as  cluster  of  AIN  grains, 
was  easily  determined.  However,  in  other  cases,  even  by  tracing  the  hackle  lines  to  the  mirror 
region,  the  flaws  were  not  clear.  As  expected,  the  bend  bars  with  obvious  flaws  had  lower 
breaking  loads  and  lower  flexural  strength.  The  mode  of  failure  was  both  transgranular  and 
intergranular  fracture,  and  depended  on  the  sample.  The  standard  deviation  and  the  Weibull 
modulus  results  indicate  that  the  50-50  TiB2-AlN  with  the  Atofina  AIN  powder  had  the  most 
consistent  strength  and  the  least  sample  variability.  The  general  trend  of  higher  flexure  strength 
with  increase  in  TiBi  content  was  also  observed.  A  similar  trend  was  observed  for  Knoop 
hardness,  elastic  modulus,  shear  modulus,  and  density.  Table  3  lists  the  Knoop  hardness  values 
for  the  surfaces  perpendicular  and  parallel  to  the  hot-pressing  direction.  No  hardness  differences 
were  detected  based  on  the  hot-pressing  direction.  Table  4  shows  the  modulus  values  and 
Poisson’s  ratio  measured  by  ultrasonic  velocity  tests.  The  modulus  and  Poisson’s  Ratio  results 
show  that  the  TiBi-AIN  composites,  especially  the  higher  TiBi  content  compositions,  are  just  as 
inelastic,  or  stiff  as  B4C  (which  has  elastic  modulus  of  445  GPa,  shear  modulus  of  186  GPa,  and 
Poisson’s  ratio  of  0. 19  [25]),  and  are  similarly  resistant  to  shear  forces.  Likewise  the  Poisson’s 
Ratio  indicates  the  TiB2-AlN  composites  show  little  lateral  expansion/compression  when 
compressed/extended,  like  that  of  B4C.  Some  of  this  trend  for  composite  strength  and  modulus 
can  be  explained  by  the  rule  of  mixtures  (ROM),  though  one  can  argue  that  neither  Reuss’  model 
nor  Voigt’s  model  of  ROM  can  be  applied  to  modulus  predictions  in  multiphase  composites 
since  the  stresses  (equal  for  Reuss  ROM)  and  strains  (equal  for  Voigt  ROM)  are  not  equal  in 
each  phase. 

Table  2.  Flexural  strengths  and  Weibull  modulus  values. 


Vol%  TiB2  -  Vol%  AIN  (AIN  type) 

Flexure  Strength 
(MPa) 

Standard  Deviation 
(MPa) 

Weibull  Modulus 

30-70  (Atofina) 

501.3 

46.3 

15.74 

50-50  (Atofina) 

498.6 

18.4 

38.53 

50-50  (Stark  C) 

527.4 

54.8 

16.72 

50-50  (Stark  AT) 

432.9 

28.4 

70-30  (Atofina) 

556.5 

59.5 

100%  AIN 

358.7 

39.9 

15.58 

100%  TiB2 

366.2 

36.9 

15.33 

11 


Figure  9.  Example  of  (a)  30-70  TiB2-AlN  (with  Atofina  AIN)  bend-bar  fracture  surface  with  grain 
cluster  flaw  circled  (flexural  strength  =  338.4  MPa)  and  (b)  50-50  TiB2-AlN  (with  Starck 
C  AIN)  bend-bar  fracture  surface  with  undetermined  flaw  (flexural  strength  =  576.7 
MPa). 


Table  3.  Knoop  hardness  values  for  surfaces  perpendicular  to  the  hot-pressing  direction  and  parallel  to  the  hot- 
pressing  direction. 


Vol%  TiB2  -  Vol%  AIN  (AIN  type) 

Perpendicular 

Hardness 

(GPa) 

Standard 

Deviation 

(GPa) 

Parallel 

Hardness 

(GPa) 

Standard 

Deviation 

(GPa) 

30-70  (Atofina) 

11.8 

0.4 

12.0 

0.3 

50-50  (Atofina) 

12.7 

0.2 

13.2 

0.5 

5  -50  (Stark  C) 

14.2 

0.3 

13.6 

0.4 

50-50  (Stark  AT) 

13.6 

0.5 

13.5 

0.5 

70-30  (Atofina) 

15.2 

0.4 

15.7 

0.5 

Table  4.  Elastic  modulus,  shear  modulus,  and  Poisson’s  ratio  for  some  of  the  composites. 


Vol%  TiB,  -  Vol%  AIN  (AIN  type) 

Elastic  Modulus 
(GPa) 

Shear  Modulus 
(GPa) 

Poisson’s  Ratio 

30-70  (Atofina) 

373 

154 

0.21 

50-50  (Atofina) 

407 

174 

0.17 

50-50  (Stark  AT) 

407 

174 

0.17 

70-30  (Atofina) 

445 

189 

0.17 

The  fracture  toughness  for  the  50-vol%  compositions  was  measured  with  the  single  edge 
precracked  beam  method.  The  two  fine-grained  AIN  samples  had  similar  toughness  values,  but 
significantly  higher  toughness  was  observed  in  the  sample  with  the  coarse-grained  AIN  (Stark 
AT).  The  toughness  values  and  the  standard  deviation  are  shown  in  table  5. 
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Table  5.  Fracture  toughness  values. 


Vol%  TiB2  -  Vol%  AIN  (AIN  type) 

Fracture  Toughness 
(MPaVm) 

Standard  Deviation 
(MPaVm) 

50-50  (Atofina) 

5.6 

0.3 

50-50  (Stark  C) 

5.2 

0.4 

50-50  (Stark  AT) 

7.0 

0.1 

4.4  Residual  Stress  Characterization 

Raman  spectra  was  acquired  and  used  to  determine  the  residual  stress  of  AIN  in  the  composite. 
Pure  AIN  Raman  spectra  and  the  spectra  of  50-50  TiB2-AlN  (in  this  case,  A  to  fin  a  AIN)  was 
experimentally  obtained.  Compared  to  that  of  pure  AIN,  which  had  an  Eo  (high)  phonon 
frequency  of  656.60  cm'1,  the  AIN  in  the  composite  recorded  an  E2  (high)  phonon  frequency  of 
658.29  cm'1,  indicating  a  shift  of  1.69  cm'1.  Since  a  positive  cm'1  shift  indicates  a  0.2  GPa 
compression,  the  AIN  in  the  composite  was  calculated  to  be  in  0.34  GPa  of  compression.  Since 
AIN  undergoes  a  brittle  to  ductile  transition  at  the  confining  pressure  of  0.55  GPa  (5,  9 )  this  level 
of  pre-stress  could  lead  to  the  AIN  experiencing  a  ductile  to  brittle  transition  earlier  in  the 
ballistic  event.  This  could  lead  to  enhanced  ballistic  performance.  No  microstructural  evidence 
was  found  to  either  support  or  refute  this  supposition.  This  is  not  surprising  given  the  difficulty 
in  analyzing  post  impact  ceramic  failure  mechanisms. 

4.5  Phase  Diagram  of  TiB2-AlN 

To  determine  the  thermodynamic  phase  calculations  for  the  TiEE-AlN  system,  it  was  necessary 
to  first  conduct  calculation  of  the  phase  diagrams  of  the  possibly  binary  phase  systems.  Using 
the  thermodynamic  database  for  the  Ti-Al-B-N  system,  all  binary  phase  diagrams  were  created. 
Using  the  binary  systems,  the  ternary  systems  were  also  recreated  with  numerous  isotherms. 
Figure  10  shows  the  possible  phases  in  the  binary  and  ternary  systems.  The  quaternary  system 
was  calculated  while  taking  into  the  account  the  known  stable  phases  determined  from  the  binary 
and  ternary  systems.  Figure  1 1  (a)  shows  the  quaternary  isothermal  section  at  constant  Ti  atomic 
content,  X  (Ti)  =0.1,  at  T  =  1573  K  and  (b)  shows  the  quaternary  isothermal  section  at  constant 
B  atomic  content,  X  (B)  =0. 1,  at  T  =  1573  K.  It  was  determined  from  the  phase  diagrams  that 
TiB2-AlN  is  a  stable  line  composition  in  the  ternary  and  quaternary  systems,  indicating  no 
reactions  below  the  melting  point  of  AIN  at  2700  K.  However  any  small  deviation  from  this 
composition  line  (outside  of  the  red  circled  point  in  figure  11)  will  result  in  formation  of 
different  phases  and  compositions,  such  as  BN  and  TiN.  If  impurities  are  introduced  to  this 
composition,  the  possible  phases  and  compositions  will  increase.  Impurities  or  a  slight  deviation 
from  the  TiB2-AlN  line  composition  is  believed  to  be  the  case,  since  unexpected  solid  phases 
were  observed,  as  seen  in  figure  12.  The  details  of  each  of  the  binary  phases  and  ternary  phases, 
and  other  observations  can  be  found  in  the  final  report  (27). 
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Figure  10.  Possible  phases  in  the  binary  and  ternary  Ti-B-Al-N  system. 


Figure  11.  (a)  Quaternary  isothermal  section  at  constant  Ti  atomic  content,  X  (Ti)  =0.1,  at  T  =  1573  K  and 
(b)  Quaternary  isothermal  section  at  constant  B  atomic  content,  X  (B)  =0.1,  at  T  =  1573  K. 
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Figure  12.  (a)  SEM  image  of  50-vol%  TiB2  /  50-vol%  AIN  (with  Atofina  AIN)  showing  what  is  believed  to 
be  AIN  and  y-AlON  decomposed  eutectoid  regions  and  (b)  SEM  image  of  70-vol%  TiB2  /  30-vol% 
AIN  (with  Atofina  AIN)  showing  possibly  TiN  impurities  at  the  grain  boundaries. 

4.6  Mass  Efficiency  Results 

The  DOP  ballistic  test  was  conducted  on  pure  TiB2,  pure  AIN,  on  one  composition  of  30-70 
TiB2-AlN  and  70-30  TiB2-AlN,  and  three  compositions  of  50-50  TiB2-AlN  (with  all  three  types 
of  AIN).  From  the  DOP  tests,  mass  efficiency  (Em)  values  were  calculated  by  the  relation 

( Penetration RHAequivalent  -  Penetration CeramicTile )  •  p  Steel 

h  — -  (4 

Pceramic- Thickness 

CeramicTile 

n 

•5 

where  p  is  density  in  g/cnr . 

Figure  13  is  a  plot  of  the  Em  data  with  respect  to  the  velocity  of  the  tungsten  heave  alloy 
penetrator.  The  error  bars  are  the  average  absolute  deviation.  Although  DOP  tests  were  not 
conducted  on  all  the  composite  varieties,  from  this  plot,  several  correlations  can  be  formed. 

From  inspecting  the  pure  TiB2,  pure  AIN,  and  50-50  TiB2-AlN  (with  Atofina  AIN)  data,  Em 
decreases  with  velocity.  The  composites,  regardless  of  the  ratio  of  TiB2  to  AIN,  either 
performed  comparably  well,  as  with  the  30-70  TiB2-AlN  (with  Stark  C  AIN),  or  better  than  the 
pure  components.  And  even  though  50-50  TiB2-AlN  (with  Stark  AT  AIN)  has  the  more  of  the 
ductile  AIN  than  70-30  TiB2-AlN  (with  Stark  AT  AIN),  the  Em  results  are  similar.  Comparing 
50-50  TiB2-AlN  (with  Stark  AT  AIN)  with  the  50-50  TiB2-AlN  (with  Stark  C  AIN),  the 
composite  with  the  coarse-grain  AIN  (Stark  AT)  perfonned  better.  Comparison  with  the  50-50 
TiB2-AlN  (with  Atofina  AIN)  could  not  be  made  due  to  the  large  range  of  Em  values,  which 
could  be  attributed  to  the  hot-pressing  repeatability  issues  or  target  processing. 


15 


5  n 


4.5  - 


4  - 


f 


E  3  5 

HI 


2.5  - 


§ 


2  -I - i— 

1450  1500 


■  50/50  TiB2-AIN  (Atofina) 
□  50/50  TiB2-AIN  (Stark  C) 

■  50/50  TiB2-AIN  (Stark  AT) 
A  30/70  TiB2-AIN  (Stark  C) 
A  70/30  TiB2-AIN  (Stark  AT) 
•  TiB2 

O  AIN 


1550  1600  1650 

Velocity  (m/s) 


5 


— i - 1 

1700  1750 


Figure  13.  Em  vs.  velocity  for  some  of  the  composites  and  pure  TiB2  and  pure  AIN. 


5.  Discussion 


The  reason  behind  the  better  performance  of  the  50-50  TiE^-AlN  with  the  coarse-grained  Stark 
AT  compared  to  the  other  composites  was  examined.  The  hypothesis  is  that  the  Stark  AT  AIN 
contributed  to  increase  in  toughness.  The  predicted  fracture  toughness  was  3.88  MPavm; 
however,  the  measured  fracture  toughness  for  the  50-50  TiB2-AlN  with  the  coarse-grained  Stark 
AT  was  7.0  MPa^/m.  The  mechanism  of  the  increase  in  toughness  is  believed  to  be  a 
combination  of  microcrack  toughening  and  crack  deflection  or  crack  bridging  due  to  residual 
stress  contributions. 

For  microcracks  to  increase  toughness  (26),  the  grain  size  must  be  less  than  dc,  but  larger  than  rc. 
The  relations  for  dc  and  rc  are 


and 
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where  Kc  is  the  fracture  toughness,  aR  is  the  residual  stress,  and  d  is  the  grain  size.  For  50-50 
TiBo-AIN,  the  dc  for  AIN  was  calculated  to  be  8  pm  and  rc  was  calculated  to  be  0.3  pm.  Since 
the  Stark  AT  AIN  grain  diameters  fall  within  the  microcrack  toughening  range,  it  is  possible  for 
the  composite’s  toughening  to  increase  by  microcracks. 

Crack  bridging  by  elongated  second  phase  grains  are  known  to  increase  toughening  (27). 
However  crack  bridging  can  also  occur  due  to  residual  stress  effects.  The  compression  stresses 
due  to  the  residual  stress  causes  cracks  to  seek  lower  stressed  paths  (28).  The  grain  boundaries 
of  interphase  boundaries  with  low  fracture  energies  can  debond  and  increase  the  toughness. 

Some  of  the  coarse-grained  AIN  by  Stark  showed  elongated  grains,  but  a  definitive  crack 
bridging  event  was  not  readily  observed.  However,  the  fracture  surfaces  of  the  bend  bars  show  a 
clear  difference  between  those  of  the  50-50  TiB2-AlN  with  the  coarse-grained  Stark  AT  AIN  and 
those  with  the  Atofina  AIN.  Figure  14  shows  the  difference  in  the  fracture  surfaces  near  the 
fracture  origin.  While  the  composite  with  the  Stark  AT  AIN  shows  intergranular  fracture,  the 
composite  with  the  Atofina  AIN  shows  transgranular  fracture. 

Assuming  the  toughness  increase  was  due  to  microcracks  and  crack  deflection/bridging,  the 
following  equations  were  used  to  calculate  the  increase.  The  increase  in  toughness  due  to 
microcracks  (29)  is  shown  as 

ag  (7) 


where  p  is  a  coefficient,  typically  0.1,  Gco  is  the  toughness  of  the  material  without  microcracks, 
Aa  is  the  difference  in  thermal  expansion  coefficients,  AT  is  the  difference  in  temperature  the 
material  experiences,  and  E  is  the  Young’s  modulus.  The  Gc  (or  Gco  in  this  case)  for  plane  stress 
conditions,  can  be  determined  by  the  relation, 


G  = 
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The  increase  in  toughness  due  to  crack  bridging,  or  work  required  to  pull-out  grains  confined 
with  residual  stresses  is 


A  Gc  =  —ju(jRVfd 
8 


(9) 
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Figure  14.  (a)  Intergranular  fracture  surface  of  50-50 
TiB2-AlN  with  the  coarse-grained  Stark  AT 
AIN  and  (b)  transgranular  fracture  surface  of 
50-50  TiB2-AlN  with  the  fine-grained 
Atophina  AIN  showing  cleavage  facets. 

where  jlx  is  the  coefficient  of  friction,  and  Vf  is  the  volume  fraction  of  grains  subject  to  crack 
bridging.  Using  the  theoretical  values,  Gco  was  calculated  to  be  33.7  J/m  .  For  the  increase  in 
toughness  due  to  microcracks,  using  the  difference  in  the  coefficient  of  thermal  expansion 
between  TiBo  and  AIN,  and  the  experimental  values  of  Young’s  modulus  of  the  composite  and 
of  the  residual  stress,  AGc_micr0Crack  was  calculated  to  be  30.9  J/m".  Using  p  for  AIN  of  0.2, 
detennined  by  Mosina  et  al.  (29),  AIN  Vf  of  0.43  and  d  of  2.5 1  pm  measured  from  SEM  images, 
the  increase  in  toughness  from  crack  bridging,  AG c-crack bridging  was  calculated  to  be  9.2  J/m“. 
From  the  combined  AGC,  the  increase  the  fracture  toughness  was  detennined  to  be  4.0  M PaVm . 
Adding  this  to  the  initially  predicted  fracture  toughness  of  3.88  MPaVm,  the  total  fracture 
toughness  is  7.88  MPaVm,  a  comparable  value  to  the  7.0  MPaVm  measured  experimentally.  It  is 
possible  that  the  increase  in  the  fracture  toughness  is  the  cause  of  the  synergistic  effect  observed 
for  the  flexural  strengths  of  the  composites  as  well. 
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6.  Conclusions 


To  improve  ceramic  armor  material  performance,  composites  with  TiB2  and  AIN  of  varying 
compositions  were  consolidated  by  hot  pressing.  The  composites  were  made  with  three  types  of 
AIN,  and  were  of  the  composition  30-70  TiB2-AlN,  50-50  TiB2-AlN,  and  70-30  TiB2-AlN.  The 
characterization  included  powder  and  composite  morphology  and  atomic  content,  impurity 
identification,  density,  crystallographic  orientation,  residual  stress,  and  mechanical  property 
evaluation.  Theoretical  phase  calculations  and  analysis  were  conducted,  as  well  as  ballistic 
performance  evaluation  by  DOP  tests. 

The  results  indicate  that  this  composite  is  a  complex  material  to  properly  characterize  for  armor 
applications,  due  to  impurity  effects  on  phase  formation  and  grain  size  effects  compounded  with 
residual  stress  on  the  fracture  mechanisms.  However,  it  was  determined  that  the  composite  with 
the  highest  fracture  toughness  resulted  in  the  best  mass  efficiency  values.  The  influence  of 
fracture  toughness  on  ballistic  perfonnance  (30)  has  been  discussed  and  evaluated  for  many 
years.  Hence,  the  increase  in  fracture  toughness  improving  the  mass  efficiency  (as  well  as  the 
flexural  strength)  is  a  plausible  correlation  and  explanation  of  the  synergistic  results.  For  the 
TiB2-AlN  composite,  the  increase  in  fracture  toughness  is  believed  to  be  due  to  microcrack 
formation  and  residual  stress  causing  crack  bridging.  More  experiments  with  larger  and 
elongated  AIN  grains  are  necessary  to  definitively  conclude  the  impact  of  the  grain 
microstructure  on  the  ballistic  performance. 
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